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Room temperature ionic liquids as novel media for ‘clean’ liquid-iquid

extraction

Jonathan G. Huddleston, Heather D. Willauer, Richard P. Swatloski, Ann E. Visser and Robin D. Rogers* t
Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487, USA

The partitioning of simple, substituted-benzene derivatives
between water and the room temperature ionic liquid,
butylmethylimidazolium hexafluorophosphate, is based on
the solutes’ charged state or relative hydrophobicity; room
temperature ionic liquids thus may be suitable candidates for
replacement of volatile organic solvents in liquid-liquid
extraction processes.

LiguidHiquid extraction has often been afavored choice of the
process engineer for the development of separation processes.!
Traditional solvent extraction,2 however, employs an organic
solvent and an agueous solution as the two immiscible phases
and the increasing emphasis on the adoption of clean manu-
facturing processes and environmentally benign technologies
may make such processes seem increasingly anachronistic
because of their high usage of toxic, flammable, volatile organic
compounds (VOCs). The costs of solvents are high and their
safe engineering attracts significant capital costsover and above
simple containment. Disposal of spent extractants and diluents
will aso attract increasing costs through the impact of
environmental protection regulations. So much are VOCs the
normal media for organic synthetic processes, that current
worldwide usage of these materials has been estimated at over
5 billion dollars per annum.3

The design of safe and environmentally benign separation
processes has an increasingly important role in the devel opment
of clean manufacturing processes and in the remediation of sites
contaminated by an older generation of manufacturing technol-
ogies. Recently, considerable interest has been manifest in the
use of room temperature ionic liquids as solvents for industrial
catalytic reactions, including polymerizations, akylations, and
acylations.3-6 This approach appears to alow the controlled
production of desired products from reactants with a minimum
of waste production through side reactions due to the tendency
of ionic liquids to suppress conventional solvation and sol-
volysis phenomena.34

Room temperatureionic liquids are liquids that are composed
entirely of ions, and in this sense alone resembl e the ionic melts
which may be produced by heating normal metallic salts such as
sodium chloride to high temperature (e.g. NaCl to over 800
°C).3 In fact, ionic liquids can now be produced which remain
liquid at room temperature and below (even aslow as —96 °C)
and appear to be undemanding and inexpensive to manu-
facture.3> lonic liquids based on methylimidazolium are
favorabl e speciesfor investigation because of their air and water
stability, their wide liquidus range, the fact that they remain
liquid at room temperature, and their relatively favorable
viscosity and density characteristics.”:8 In addition, the R group
of the cation is variable and may be used to fine tune the
properties of the ionic liquid. It is reported that such ionic
liquids are able to solvate a wide range of species including
organic, inorganic, and organometallic compounds. Miscibility
with a number of organic solvents such as benzene and toluene
has also been reported.®

In view of these developments, it seemslikely that the design
and implementation of separation processes for product recov-
ery from these media will assume increasing importance.
Additionally, it may be apparent that ionic liquids may in

themselves be suitable, and indeed favorable, media for the
design of novel liquid-iquid extraction systems. Some features
of these ionic liquid systems, the high solubilities of organic
species, the prevalence of high coulombic forcesresulting in the
practical absence of any significant vapor pressure,3 and the
availability of air and moisture stable, water immiscible ionic
liquids (e.g. imidazolium sdts of PFs— or BF;~) may
recommend such systems as being uniquely suited to the
development of completely novel liquidiquid extraction
processes. The data presented here indicate that the partitioning
of a number of charged and uncharged aryl organic moietiesin
abiphasic extraction system comprising the phases butylmethy-
limidazolium hexafluorophosphate ((BMIM][PFg]) and water is
similar to their partitioning in traditional organic solvent—-water
systems.

[BMIM][PFg] was prepared by modification of published
procedures.t Equal volumes of the ionic liquid and distilled
deionized water were contacted in the presence of 14C-labelled
tracers of severa ionizable and nonionizable substituted aryl
molecules. The distribution of the solutes between the heavy,
ionic liquid phase and the light, water phase was determined
radiochemically.

The distribution data provided in Fig. 1 highlight the
relationship between the distribution ratios observed here and
similar partitioning in octan-1-ol-water systems (an often used
empirical hydrophobicity scale).10 Thereis a close relationship
between the two systems, athough there appear to be
differencesin detail asis usual in comparing partition between
different solvent systems having differing solvation proper-
ties11.12 The values of the distribution coefficients (P) in the
octan-1-ol-water system are in general an order of magnitude
higher than the corresponding distribution ratios (D) for the
[BMIM][PFg]—water system. The reasons for this have not yet
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Fig. 1 Correlation of partitioning data between [BMIM][PF¢]-water and
octan-1-ol-water biphasic systems
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Fig. 2 The solutes studied include: 1 phthalic acid (pK1 = 2.89, pK2 =
5.51), 2 aniline (pKp = 9.42), 3 4-hydroxybenzoic acid (pK1 = 4.48, pK2
= 9.32), 4 benzoic acid (pK, = 4.19), 5 salicylic acid (pK1 = 2.97, pK2 =
13.40), 6 p-toluic acid (pK1 = 2.27)

been elucidated, but may reflect a generally less hydrophobic
character to the [BMIM][PFg] phase, or may aso be due to the
strong polar contribution of the relatively high concentration of
charged groups present in the ionic liquid compared to the
octan-1-ol-water system. These differences do not necessarily
imply that ionic liquids represent a ‘poorer’ extracting phase
than octan-1-ol; the distribution values found are adequate for
practical applications.2

Fig. 1 also shows that for this rather limited set of solute
species, those species having charged groups or strong
hydrogen bonding moieties (open symbols in Fig. 1) have, in
general, much lower partition coefficients than similar neutral
or apolar species (filled symbolsin Fig. 1). The effect of charge
on the distribution of these species was thus investigated
further. The ionizable solutes were partitioned in the
[BMIM][PFg]—water system as described above, but with the
pH of the aqueous phase adjusted to either pH 1.77 (using
concentrated H,SO,) or to pH 11 (using concentrated
NH4OH).

The datain Fig. 2 confirm that the distribution coefficient is
higher for the uncharged form than for the charged form. For
benzoic acid (4 in Fig. 2) the partition coefficient ishigher under
acidic or near neutral conditions than in basic solution. For the
oppositely charged base, aniline (2), the partition coefficient is
higher at alkaline pH thanin acidified solution. Similar behavior
is observed for the other ionizable solutes employed in the
study. It is even possible to rationalize differences in solute
partitioning at a given pH from the understanding of the
predominant charged state in solution (i.e. by comparing the
pKa vaues and the predicted magnitude of the molecule's
charge at that pH).

It is worth noting that, in almost all cases, the distribution of
these solutes varies from values of D greater than 1 to less than
1 depending on the charged state of the solutes. Thisindicates a
changein phase preference between solutesin their charged and
uncharged forms. Once again, thisis a useful observation and
simplification implying that classical techniques of solvent
extraction, which are often idealy designed around the
fractionating power which may be achieved by the adoption of
forward and backward extracting stepsi2 may easily be
adapted to extractions performed utilizing ionic liquids.
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lonic liquids represent anovel class of solvents and may now
also be considered as a novel medium for liquicdHiquid
extraction. Limited experience with room temperature ionic
liquids based on alkylmethylimidazolium hexafluorophosphate
suggests that such systems may be easily adapted to conven-
tional liquidiquid extraction practice.| The observation of an
approximate correspondence between the distribution of these
aryl solutesintheionic liquid system and their distribution in an
octan-1-ol-water system is a useful design criterion. Inter-
estingly, the low vapor pressures of such systems suggest novel
methods of solute recovery through evaporative—pervaporative
techniques for appropriately volatile solutes. These interesting
biphasic systems continue to be actively studied in our
laboratories for the development of novel, ‘clean’ separation
technologies.
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$1-Butyl-3-methylimidazolium chloride was prepared by reaction of equal
molar amounts of 1-methylimidazole and chlorobutane in around-bottomed
flask fitted with a reflux condenser by heating and stirring at 70 °C for
48-72 h. The resulting viscous liquid was allowed to cool to room
temperature and then was washed three times with 200 mL portions of ethyl
acetate. After the last washing, the remaining ethyl acetate was removed by
heating to 70 °C under vacuum. To prepare the ionic liquid, hexa
fluorophosphoric acid (1.3 mol) was added (slowly to prevent the
temperature from rising significantly) to a mixture of 1-butyl-3-methylimi-
dazolium chloride (1 mol) in 500 mL of water. After stirring for 12 h, the
upper acidic agueous layer was decanted and the lower ionic liquid portion
was washed with water (10 x 500 mL) until the washings were no longer
acidic. Theionic liquid was then heated under vacuum at 70 °C to remove
any excess water.

§ The procedures used in the standard radiochemical assay utilized are
described in ref. 13 for similar work investigating agueous biphasic
systems. Standard radiometric assay of equal volumes of the separated
phases allows calculation of the distribution ratio asthe ratio of the activity
in the ionic liquid phase over the activity in the water phase.

1 Although we were unableto detect water intheionic liquid by TGA, NMR
does indicate the presence of a small amount of water after contact with an
aqueous phase. The exact composition and water content of these potential
solvents are under active investigation.

1 T. C. Lo, in Handbook of Separations Techniques for Chemical
Engineers, ed. P. A. Schwietzer, McGraw-Hill, New York, 1996, pp.
1-450-1-529.

2 J. Rydberg, C. Musikas and G. R. Choppin, Principles and Practices of

Solvent Extraction, Marcel Dekker, New Y ork, 1992.

K. R. Seddon, J. Chem. Technol. Biotechnol., 1997, 68, 351.

Y. Chauvin and H. Olivier-Bourbigou, CHEMTECH, 1995, 25, 26.

C. L. Hussey, Pure Appl. Chem., 1988, 60, 1763.

V. R. Koch, C. Nanjundiah and R. T. Carlin, US Pat. 95-497310

950630.

7 J. S. Wilkes and M. J. Zaworotko, J. Chem. Soc., Chem. Commun.,
1992, 965.

8 J. Fuller, R. T. Carlin, H. C. De Long and D. Haworth, J. Chem. Soc.,
Chem. Commun., 1994, 299.

9 J. S Wilkes, J. A. Levisky, R. A. Wilson and C. L. Hussey, Inorg.
Chem., 1982, 21, 1263.

10 C. Hansch, A. Leo and D. Hoekman, Exploring QSAR Hydrophobic,
Electronic and Seric Constants, American Chemical Society,
Washington, DC, 1995.

11 D. E. Leahy, J. J. Morris, P. J. Taylor and A. R. Wait, J. Chem. Soc.,
Perkin Trans. 2, 1992, 723.

12 D. E. Leahy, J. J. Morris, P. J. Taylor and A. R. Wait, J. Chem. Soc.,
Perkin Trans. 2, 1992, 705.

13 J. G. Huddleston, S. T. Griffin, J. Zhang, H. D. Willauer and R. D.
Rogers, in Aqueous Two-Phase Systems, ed. R. Kaul in Methods in
Biotechnology, ed. J. M. Walker, Humana Press, Totowa, NJ, 1998, in
press.

o0k Ww

Received in Columbia, MO, USA, 26th May 1998; 8/03999B


https://doi.org/10.1039/a803999b

